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In infants, the effects of surfactant treatment on lung mechanfor 60 min thereafter. Functional residual capacity was ics have mainly been expressed as changes in Cdyn, which has measured with a computerized tracer gas washin-washout failed to show any improvement when measured within the first technique using sulfur hexafluoride a s tracer gas. A meas-hour (1, 2) . To better clarify the immediate effects of surfactant ure of ventilation inhomogeneity (pulmonary clearance de-instillation on lung volume and lung mechanics, we measured lay) was also calculated from the washout curves. Pressure-FRC and TLC, and also the elastic recoil of the total respiratory volume curves were studied with an interrupter technique system during interrupted expiration from TLC. Ventilation during deflation of the lungs from an airway pressure of 30 homogeneity was studied by tracer gas washout. The measurecm HZO. In the surfactant group, arterial oxygenation and ments were done during the first hour after surfactant treatment ventilation homogeneity improved within 5 min of giving of premature lambs in respiratory failure. surfactant; major increases in functional residual capacity, vital capacity, and compliance occurred within 5 to 20 min MATERIALS AND METHODS and were followed by gradual further improvements. The pressure-volume curve thus increased in amplitude and Preparation ofanimals. The study was approved by the Animal became steeper, but the lung volumes a t various inflation Investigations Committee of the Erasmus University, Rotterdam. pressures, and compliance, remained constant when ex-Eleven lambs (gestational age between 120 and 122 d, body pressed as fractions of total lung capacity volume. It is weight 1-3 kg) were delivered via hysterotomy. Before delivery, concluded that an improvement in lung volume, respiratory the lambs were randomly assigned to two groups; one group mechanics, and ventilation homogeneity occurs very soon received surfactant (n = 6) and the other received the vehicle (n after surfactant instillation and that there is a phase of = 5). Nine date-mated pregnant ewes, two with twins, previously successive further improvement over the next hour. Al-uninstrumented, were prernedicated with ketamine i.m. (1200 though the amplitude of the pressure-volume curve varied mg) and atropine sulfate i.m. (2.4 mg). Anesthesia was induced considerably, its basic shape varied little. This suggests with thiopental i.v. (3 mg/kg), the trachea was intubated, and that opening of new distal airways by surfactant predomi-the lungs were ventilated with 100% 02. Anesthesia was mainnated over changes in the mechanics of already aerated tained with 2% enflurane and 70% NzO in 0 2 . Pancuronium lung regions. (Pediatu Res 32: 595-599, 1992) bromide i.v. (0.1 mg/kg) was used for muscle relaxation. Hysterotomy was performed and the lamb was delivered.
Abbreviations
The lamb was wiped dry, weighed, and placed supine on a heating blanket and under a heating lamp. The body temperature Cdyn, dynamic compliance was kept around 37°C during the experiment. A midpoint tra-TLC, total lung capacity volume cheostomy was done under local anesthesia (3 mL of 4% lido-PEEP, positive end-expiratory pressure caine s.c.), and an uncuffed, smoothly fitting endotracheal tube FRC, functional residual capacity was inserted. Lung fluid was not aspirated, but varying amounts PCD, pulmonary clearance delay of lung fluid were lost during the tracheotomy. The tracheal seal P-V, pressure-volume was ascertained by comparing the inspiratory and expiratory VT SF6, sulfur hexafluoride and by observing that no decrease in airway pressure occurred VT, tidal volume during a prolonged inspiratory pause. About 10 min after deliv-C, , , , maximal static lung-thorax compliance ery, the animals were ventilated with pressure-control using a RDS, respiratory distress syndrome Servo 900C (Siemens Elema, Stockholm, Sweden) at the followi.m., intramuscularly ing settings: rate 60/min; positive inspiratory pressure 35 cm carotid artery was cannulated for continuous monitoring of arterial pressure and for blood sampling. A catheter was inserted in the right jugular vein for fluid administration. Maintenance fluid consisted of 5 mL/kg/h of a 2.5% glucose solution. Five m L of sodium bicarbonate were given when base excess was less than -5 mEq/L. About 25 min after delivery, i.e. about 15 rnin after start of mechanical ventilation, the animals in the treatment group received 150 mg/kg surfactant dissolved in hypotonic saline (0.6% NaCl) intratracheally. This dose has been found to rioration of arterial oxygenation, which is a sign that the amount be optimal for this surfactant preparation; it prevents fast deteof surfactant is not sufficient. The animals in the control group received the same amount of hypotonic saline. Except in one lamb, the experiment was concluded 60 min after surfactant or saline instillation and the animal was killed with an overdose of thiopental and potassium chloride i.v. Surfactant. The surfactant used in this study was a natural surfactant isolated from bovine lungs in basically the same way as previously described (3) . It consists of approximately 83% phospholipids, and 1 % hydrophobic proteins (SP-B and SP-C), the remainder being other lipids such as cholesterol, glyceride, and FFA. There is no SP-A in this surfactant preparation. The clearing the lungs) was calculated from the SF6 washout curve. FRC was measured with a computerized multiple breath The calculation of PCD was done with an interactive computer washin-washout method using SF6 as tracer gas. The method has program (4) that approximated the curve as the sum of exponenbeen described previously for studies of FRC and gas washout in tially decaying functions: the computer plotted the washout curve adults, children, and small neonates (4-6). In brief, the compo-semilogarithmically, and the user indicated how lines should be nents of the system (Fig. 1 ) included a computer (PDP 11/23, drawn to get the exponential curve components. The "peel-off' Digital Equipment C o w , Marlboro, MA), a ventilator (Servo method was used, i.e. the slowest component was first identified 900C, Siemens-Elema), electromagnetic inspiratory and expira-and subtracted and the plot was then redrawn to identify the tory auxiliary valves (360PO12 1, Neptune Research, Maplewood, remaining component (or, occasionally, components). In all of NJ), and inspiratory and expiratory heated pneumotachographs the lambs, an adequate approximation of the curve was achieved (Fleisch no. 00, Lausanne, Switzerland; linearity flow range = 0-with two components. 100 mL. s-') with differential pressure transducers (MP 45-1-Cdy, was calculated as VT/(pIp -PEEP) where PIP is the 87 1, < k2.5 cm H20; Validyne, Northridge, CAI. The tracer gas positive inspiratory pressure. The end-inspiratory and end-expirconcentration was measured with an infrared analyzer (7). The atory flow were nearly zero. The airway pressures at these points transducer of the analyzer was placed over a cuvette with win-were therefore close to the corresponding alveolar pressures. dows near the T-piece in the expiratory part of the ventilator Static P-V curves were obtained by an occlusion technique tubings. SF6 was washed in until the alveolar concentration was previously used for measuring breath-by-breath compliance about 1.5%. SF6 washout was continued until the concentration within the VT (10). The technique was modified for neonatal use was less than 0.01 %. The amount of SF6 left in the lungs was and computerized. After replacing the FRC system with the P-V calculated assuming the final part of washout was monoexpo-measurement system (Fig. 2) (via a slide valve) , the lungs were nential. Signals representing expired flow and SF6 concentration inflated by a syringe to an airway pressure of about 35 cm H20, were fed into the computer, which calculated FRC as the value which was maintained for at least 1 s. During the following of SF6 washed out plus the amount left in the lungs at end of passive deflation to 0 cm H 2 0 of airway pressure, the expired washout divided by the alveolar concentration at end of washin. flow was interrupted for 80 ms every 160 ms by a computerApparatus dead space (0.6 mL) was subtracted from the obtained governed electromagnetic occluder (Harting 08300320120, Sie-FRC value. The volume of the tubing between the auxiliary mens Elema) placed close to the endotracheal tube. The airway valves, including the bar of the T-piece, was 0.8 mL.
pressure was measured with a pressure transducer (SCXOlDN, PCD was calculated from the SF6 washout curves as described SenSym, Rugby, UK) at the end of each occlusion and was by Fowler et al. (8) absolute lung volumes at different airway pressures, lung volume curves were presented by the computer, assuming that FRC with 4 cm H 2 0 of PEEP, measured during controlled ventilation, was the same as the lung volume at 4 cm H20 of airway pressure during the P-V maneuver. The C,,, was the slope of the steepest part of the P-V curve.
Calibration. The flow signal was calibrated daily with Oz using a 50-mL syringe before each set of measurements. The airway pressure was calibrated against a water manometer. All volumes were converted to body temperature and pressure of water vapor, saturated gas by multiplying by 1.09. Statistics. The Mann-Whitney two-tailed test for unpaired samples was used for between-group comparison. Within group variability was tested with two-way analysis of variance. Differences between individual measurement stages within groups were assessed with a test that compensated for multiple comparison (Student-Newman-Keuls). Coefficients of linear correlation between various measures were also obtained. Statistical significance was accepted a s p < 0.05. All data are reported as mean + SD or as otherwise indicated.
RESULTS
Data obtained before the instillation (after 10 rnin of mechanical ventilation) are given in Table 1 . There were no significant differences between the two groups. The blood gases indicated the severity of the respiratory failure. All lambs in the treatment group and two in the control group survived the experimental period.
FRC at 4 cm H 2 0 of PEEP (Fig. 3) 13.6 -t 3.3 mL/kg at 60 rnin after the instillation. Expressing FRC as a percentage of the value 60 rnin after surfactant gave a mean of 33% 5 min before surfactant, 55% 5 rnin after surfactant, 70% at 15 min, 91% at 30 min, and 90% at 45 min after surfactant. PCD (Fig. 4) improved significantly ( p < 0.05) after surfactant. No significant changes in FRC or PCD were noted in the control group.
Cdyn (Fig. 3 ) increased ( p < 0.05) in the treatment group concomitantly with the increase in FRC and in VT (Fig. 3) . Cdyn was closely correlated to FRC ( r = 0.94, p < 0.01). The major change in Cdyn occurred during the first 15 rnin after surfactant.
No change was found in the control group. After surfactant, the P-V curve (Fig. 5 ) shifted upward at all inflation pressures. Most of the change occurred during the first 20 min, but there was a further upward shift also between 20 and 60 min. The shift in the P-V curves was reflected in a significant ( p < 0.05) increase in C,,, (Fig. 3) . In contrast, the ratio between lung volume at various inflation pressures and TLC (Table 2) did not change significantly, nor did specific compliance (Cdy,,/TLC or C,,,/TLC). Pao2 (Fig. 3 ) increased ( p < 0.05) immediately after surfactant instillation from 4.9 + 4.5 kPa before to 54 + 6.6 kPa at 5 min. Later, a nonsignificant tendency toward a decrease was observed. P a m z decreased from 5 min before to 5 min after ( p < 0.05), reflecting the increase in VT (p < 0.05) (peak inspiratory pressure was held constant). DISCUSSION We studied lambs with a gestational age of 120-122 d that are known to exhibit a derangement of lung function similar to that of premature infants with RDS (1 1, 12) . Although, in lambs, surfactant synthesis begins around 120 d gestational age, secretion to the alveoli first starts some days later (13) . Older lambs do not consistently develop RDS, and Sandberg et al. (14) , who studied lambs at 129-13 1 gestational d, found that 30% had no histologic signs of RDS. In the present study, all animals had severe respiratory distress at the start of the experiment period (Table I) , and two control lambs died within 40 min.
S u r f a c t a n t
The bovine surfactant used in the present study has a good physiologic activity in other animal models (15) (16) (17) . We used a greater dose (150 mg/kg) than is commonly used (50 mg/kg), which might have accentuated the effect.
The FRC measurement system has been found to be accurate and reproducible in model lungs and in animals with lung volumes down to 5 mL that were ventilated with VT down to 4 mL at respiratory rates up to 80/min. It has been used with success in prematurely born neonates (body weights as low as 500 g) with RDS (6) . The system has the advantage of not interfering with ventilator settings or with inspired gas composition. However, it has the same limitations as other gas-dilution methods, i.e. the results will be erroneous in the presence of leaks, and it only measures lung units communicating with the large airways.
OccIusion during expiration has been used to characterize the passive mechanics of the respiratory system (18, 19) . In these studies, multiple breaths were used to describe P-V relations inside the VT. A variant of this technique, which uses multiple interruptions of the expiratory flow within one breath, has shown accurate results in animals (10, 20) , in intubated adults (21) , and in infants (22) . In the present study, the passive elastic properties of the respiratory system were measured during exhalation from maximum inflation. When using an interrupter technique, it is important to get a pressure plateau during the occlusion period to ascertain pressure equilibrium between the airway and alveoli and absence of gas leaks. The occlusion period in this study, 80 ms, may seem short, but we could demonstrate a well-defined plateau at the end of each occlusion. Also, Carlo (20) , who studied rabbits with healthy or surfactant-depleted lungs, found that a pressure equilibrium was reached within 50 to 100 ms after an occlusion.
Immediately after surfactant instillation, Pao?, FRC, and dynamic and static compliance improved. In addition, gas distribution became more even and Paco2 decreased markedly.
There was a fast initial increase in FRC (mean FRC at 5 min after surfactant instillation was 170% of the initial value) followed by a slower additional increase (Fig. 3) . This and the simultaneous rise in compliance suggest that a momentary recruitment of peripheral airways occurred. This was also reflected in the rapid increase in Paoz. However, individual variations in the FRC response were noted; in four of the six surfactant-treated lambs, the major increase occurred within 5 min and in the two others the effect was somewhat delayed. An explanation for this variability could be that the lambs had different amounts of fluid left in the lung, i.e. the dilution of the surfactant varied between the animals. The small, gradual increase in FRC after the initial phase could be explained by a resorption or redistribution of the alveolar fluid into the interstitial and intravascular compartment (23) . An overdistension of peripheral airways is less likely because a n alveolar overdistension would have decreased compliance and made gas distribution more uneven (24) , i.e. resulted in effects opposite of those that we observed.
In contrast to the present study, studies in mechanically ventilated premature neonates have not demonstrated any improvement in Cdyn after surfactant instillation (1, 2) . However, Cdyn is not in these circumstances a suitable measure of static properties on the lungs and thorax because it also depends on the lung volume, PEEP level, V,, and airway resistance. In the present study, the maximal compliance (C,,,) , i.e. the maximal slope of the P-V curve, occurred at airway pressures below 5 cm H20. This indicates that, if PEEP is kept above 5 cm H20, the lung would operate on the flat upper part of the P-V curve during the VT and Cdyn would remain low.
The decrease in PCD after surfactant instillation confirms the results by Sandberg et al. (14) and shows that the gas distribution became more even. We think that the finding is due to a stabilization of distal airways by surfactant.
Pao2 increased immediately after surfactant instillation. The increase was higher than what other authors have found after surfactant treatment in lambs of similar age (12, 25, 26) . One explanation might be the larger dose of surfactant used in our study (150 mg/kg). The early positive effect on oxygenation tended to weaken after about 10 min, which is consistent with other studies (12, 25) .
We conclude that endotracheal surfactant improved lung volumes, gas distribution, compliance, and oxygenation and that the main changes took place within 5 to 20 min. There was no significant change in TLC normalized values for lung volumes a t various inflation pressures or in specific compliance, i.e. the basic shape of the P-V curve was little affected by surfactant instillation. This indicates that the increase in communicating gas volume was caused by a momentary recruitment and stabilization of peripheral airways, rather than overdistension of already aerated lung regions. The subsequent additional recruitment of lung volume may have been caused by clearance of lung liquid.
